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Abstract 
This paper presents the design of a drift-tube for the purpose of dynamically correcting the chromatic aberration of a time-of-
flight emission microscope (TOFEEM).  Simulations predict that the voltage of an electrode placed at the end of the drift-tube 
need only vary linearly at a rate of around 0.36 V/ns in order to make the correction and that the final image resolution will be
limited primarily by the spherical aberration of the objective lens.  © 2008 Elsevier B.V.
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1. Introduction 
Over the last four years, proposals for time-of-flight electron emission microscopes (TOFEEMs) have been 
made, both with and without methods to dynamically correct for chromatic aberration [1,2,3]. Correction of 
aberrations in time is an important alternative to the more widely discussed tetrode mirror method [4,5]. This is 
because the tetrode mirror method has a relatively complicated column design, where its photoelectrons are 
designed to trace trajectory paths around a multiply curved axis, requiring the use of special alignment strategies for 
its beam separator [6]. The TOFEEM column in comparison, is relatively simple, it has a single straight electron 
optical axis where photoelectrons are successively focused and magnified using standard projection principles. The 
TOFEEM also has the added feature of inherently being an energy spectrometer, which can readily band-pass filter 
the photoelectrons that make up the final image, simply by capturing them over a series of different time windows. 
In the tetrode mirror method, an additional image energy spectrometer must be used. The obvious signal-to-noise 
disadvantage of having pulsed radiation in the TOFEEM is compensated by this fact: conventional PEEMs need 
time to generate a spectrum, and the number of points in the spectrum is likely to be comparable to the duty cycle 
used in TOFEEM (ratio of repetition period/pulse width), typically in the 20 to 100 range.  A valid comparison 
between TOFEEM and conventional PEEM must therefore also include an image spectrometer for the PEEM. 
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Dynamic correction for chromatic aberration involves the use of a drift tube to slow down a beam of electrons so 
that their inherent energy spread separates them, both in space and time. Once separated, either a form of energy 
inversion is advocated [3], or focal strength modulation of lenses within the imaging optics of the microscope is 
proposed [1,7].   The general principle of this latter approach for photoemission electron microscopes (PEEMs) is 
illustrated in Fig. 1. The sample is irradiated with sub-nanosecond pulsed photons, and electrons emitted from the 
sample are focused by an objective lens, usually electric. As with other PEEM systems, the photoelectron beam 
subsequently goes through a series of projector lenses which cast a magnified image of the specimen’s surface on to 
an electron detector. In the chromatic aberration corrected TOFEEM shown in Fig. 1, a transfer lens and drift-tube 
unit is placed after the objective lens. By varying the voltage of an electrode suitably placed after the main part of 
the drift-tube, photoelectrons of differing energies can in principle be projected on to the same point, correcting for 
the effect of chromatic aberrations in the final image. 
Fig. 1. Schematic of TOFEEM chromatic aberration correction principle. 
In a previous TOFEEM design, a separate corrector lens placed after the drift-tube was proposed. The correction 
lens chromatic aberrations were calculated as a function of the potential on its central electrode, and conditions for 
cancelling the objective lens chromatic aberrations were found [7]. In this paper, a simpler approach is proposed. 
The exit part of the drift-tube is detached from its main body, and a small correction voltage ¨V is applied to it, as 
shown in Fig. 1. In this way, large changes in the exit focal position can be made via relatively small correction 
voltages.  This paper demonstrates how such a drift-tube design can be used to correct for chromatic aberration in 
the TOFEEM. 
2. The objective lens aberrations 
A conventional electrostatic objective lens design is used, where the specimen is biased to a negative voltage, 
typically -15 kV, as shown in Fig. 2.   A focusing electrode is set to 13.3 kV, adjusting the focal plane to which the 
photoelectrons are focused. The field distribution shown in Fig 2b was obtained by running Finite Element programs 
written by A. Khursheed and are reported in detail elsewhere [8]. 
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Fig. 2.  Simulation model of objective lens. 
Direct ray tracing of electrons through finite element field solutions is carried out through the use of a field 
expansion technique involving the axial electric potential/magnetic field distributions and their derivatives up to 7th-
order, as reported by E. Munro [9]. Here the axial potential and field distributions are fit with a Fourier-series 
technique in order to facilitate high-order differentiation. More than 128 terms were required in the Fourier-series to 
ensure smooth higher-order derivatives. A 5th-order Runge-Kutta method with Cash-Karp parameters is used to 
integrate the equations of motion. To ensure high accuracy, up to 12,000 steps in each trajectory were used. 
Example trajectory paths for the electric objective lens are shown in Fig 3, where 0.5 eV photoelectrons leave the 
specimen over angles ranging from 0 to 0.6 radians with respect to the optical axis in steps of 0.1 radians.  The 
focusing electrode at a voltage of 13.3 kV projects the first intermediate focal plane to a distance of 23 cm from the 
specimen, giving an image magnification of 17. A contrast aperture is placed in the back focal plane of the lens, 
which measures a distance of 2.87 cm from the specimen. This aperture is used to reduce the energy and angular 
spread of the photoelectrons that make up the final image. 
Fig. 3. Direct ray trace of photoelectrons through objective lens with an emission energy of 0.5 eV and emission angles from 0 to 0.6 radians. 
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Fig. 4 shows the simulated objective lens aberration spot radii as a function of emission angle for different 
emission energies (neglecting diffraction aberration). It indicates that if the final aberration spot size is to be kept 
relatively small, below say 50 nm, emission energies of less than say 1.5 eV and emission angles of less than 0.4 rad 
should be used. Filtering of the higher emission energies and angles is achieved through the use of a small contrast 
aperture. For the purposes of this paper, it will be assumed that only photoelectron emission energies of 1 eV or 
below reach the final image. 
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Fig. 4. Simulated aberration spot sizes for objective lens as a function of emission angle and different emission energies. 
3. The drift-tube design 
Fig. 5 depicts equipotential lines for the drift-tube. The drift-tube has 3 mm 
diameter holes at its ends, and is biased to allow for a 6 eV pass energy. The 
chromatic effect of ¨E, the emission energy, is directly corrected for by changing an 
electrode voltage ¨V at the top of the drift-tube. The drift-tube acts as a combination 
of two lenses, a retarding field lens at its entrance, and an accelerating lens at its 
exit. The projected focal point into the drift-tube is carefully selected so that angular 
dispersion on the low emission energies is minimized. Fig. 6a shows direct ray 
tracing of photoelectrons through the drift-tube that leave the specimen with an 
emission energy of  0.1 eV and emission angles ranging from 0 to 0.2 radians (for an 
objective lens magnification of 17).  The projected focal point into the drift-tube as 
they enter it is 52 mm, which gives a demagnification factor of around 3, leaving an 
overall magnification factor of 5.6 at the drift-tube exit. In Fig. 6b, 0.5 eV emission 
photoelectrons trajectory paths are traced through the drift tube for emission angles 
0 to 0.2 radians. They obviously undergo more demagnification than the 0.1 eV 
emitted photoelectrons. Variation of the magnification with emission energy has 
already been reported for TOFEEM [3], and since a series of images are captured in 
time, where each image is formed over a different emission energy range, they can 
be stored in software form and suitably resized before being added together. 
Fig. 5. Equipotential lines for drift-
tube electric field solution. 
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Fig. 6. Direct ray tracing of photoelectrons through drift-tube that leave the specimen with emission angles ranging from 0 to 0.2 radians. 
Fig. 7 shows the variation in drift-tube exit focal position as a function of emission energy and correction voltage 
¨V for an emission angle of 0.1 radians. It illustrates how changes in ¨V can be used to compensate for the 
combined chromatic aberration of   objective and drift-tube lenses. For instance, to keep the focal exit position 
constant as the emission energy changes from 0.1 to 0.5 eV,   ¨V must change from 0 to 0.65 V. 
Fig. 7. Simulated drift-tube exit focal point variation as a function of emission energy and changes in ¨V. 
(a) Emission energy of 0.1 eV 
and ¨V = 0 V 
(b) Emission energy of  0.5 eV 
and ¨V = =0.65 V 
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Fig. 8 shows the simulated time dispersion characteristics of the drift-tube: photoelectrons emitted with energies 
of 0.1 eV arrive at the top of the drift-tube 1.8 ns earlier than the 0.5 eV ones. This means that ¨V must change by -
0.65 V in 1.8 ns in order to compensate for the chromatic aberration of the 0.5 eV photo-electrons (relative to the 0.1 
eV photo-electrons), a rate quite achievable by standard signal generators.   Fig. 8 also shows that the correction 
signal can be well approximated by a triangular ramp waveform. Note that the time-dispersion related to  ¨V
changing from 0 to -1 V is relatively small compared to the dispersion generated within the main body of the drift-
tube and can be readily taken into account when generating the required correction signal. 
Fig. 8. Simulated time-dispersion characteristics of the drift-tube as a function of input kinetic energy. 
The spherical aberration of the drift-tube on the final image is expected to be small since photoelectrons travel 
through it with relatively small angles (less than 1 mrad). Wide-angle photoelectrons can be filtered out by using a 
small contrast aperture. Figs 9a and 9b present simulated spherical aberration spot radii for the combined objective 
lens and drift-tube at emission energies of 0.1 and 0.5 eV. They show that for an emission energy of 0.1 eV, there is 
very little additional influence of the drift-tube. For the 0.5 eV emission energy, although the drift-tube aberrations 
have a greater effect, they are still relatively small, particularly as the wider-angle photoelectrons will be eliminated 
by the  contrast aperture. 
¨E = 0.1 eV, ¨V = 0 
Fig. 9.  (a) Simulated spherical aberration radius at drift-tube exit, for emission energy of 0.1 eV and ¨V = 0 V. 
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Fig. 9.  (b) Simulated spherical aberration radius at drift-tube exit, for emission energy of 0.5 eV and ¨V = 0.65 V. 
4. Conclusions 
This paper has presented a drift-tube design for dynamic chromatic aberration correction in time-of-flight 
electron emission microscopes. It has shown that it is in principle feasible to correct for chromatic aberration in time 
by linearly modulating the voltage of an electrode placed at the end of the drift-tube, and that this rate of variation 
need only be around 0.36 V/ns. The residual aberrations in the final image after correction are expected to be 
dominated by the spherical aberration of the objective lens. 
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